Introduction
The brain-derived neurotrophic factor (BDNF) is an essential secreted protein that belongs to the neurotrophin family. BDNF is widely distributed in the central nervous system and its role in synaptic plasticity has been well described (for review, see Lu, 2003) . Large quantities of BDNF have also been detected in blood, serum, and plasma of humans and rats (Radka et al., 1996; Klein et al., 2011) . Several studies have investigated the peripheral BDNF levels in patients with neuropsychiatric diseases, such as depression or schizophrenia. Some studies (Lee et al., 2007; Ricci et al., 2010; Koeva et al., 2014) confirmed that peripheral BDNF levels are altered in these diseases, even though recent metaanalysis reported some heterogeneity in outcomes Molendijk et al., 2014) . Furthermore, in patients who suffer from depression, plasma BDNF levels are reduced, and treatment with antidepressants normalized these levels (Lee et al., 2007; Ricci et al., 2010) . On the other hand, BDNF is well known to be associated with addiction. Thus, psychomotor stimulants (Corominas-Roso et al., 2013) , opioids (Zhang et al., 2014) , methamphetamine (McFadden et al., 2014) , or even alcohol (Zanardini et al., 2011) have been shown to regulate BDNF levels on either a central or peripheral level (Autry and Monteggia, 2012) .
Drug addiction is an important public health issue, defined as a chronic relapsing brain disorder. Predicting relapse, the resumption of drug use after abstinence, could be useful in targeting patients for aftercare services. However, to date, valid tools to predict relapse risk are lacking. In the past few decades, researchers aimed at characterizing a reliable set of biomarkers for drug addiction. Leptin is an established candidate biomarker for the risk of relapse in alcoholics and smokers (Aguiar-Nemer et al., 2013) . BDNF has emerged as a potential biomarker for methamphetamine addiction (Mendelson et al., 2011; AguiarNemer et al., 2013) . As previously discussed, several disorders (which prevalence of comorbidity is important) influence peripheral BDNF levels. Therefore, to avoid confounding factors present in humans, animal models may be very useful to minimize the risk of potential confusion by comorbidities with other diseases in humans.
The aim of this study was to evaluate peripheral alterations of BDNF levels in rats exposed to chronic morphine or cocaine after 1 (WD1) or 14 days (WD14) of withdrawal. To determine whether these alterations were drug-specific, an additional group was exposed to a natural reward (butter biscuit). In addition, several parameters (e.g., duration of withdrawal, pattern of administration, time of injection) could influence the results and should be taken into consideration (Le Marec et al., 2011; Puig et al., 2012) . For instance, we previously observed a spontaneous increase of dopamine levels in the nucleus accumbens at the usual hour of injection compared with the basal levels 1 and 14 days after the end of a chronic cocaine treatment (Puig et al., 2012) . Using the same experimental design, we compared the alteration of peripheral BDNF levels specifically at the usual time of injections with basal levels, out of the usual hour of injection on WD1 and WD14.
Methods

Animals
Male Sprague-Dawley rats (Janvier, Le Genest-Saint-Isle, France) weighing 225 to 250 g at the beginning of treatments were housed in a standard (non-enriched) environment on a 12/12-h light-dark cycle (lights on at 8 am) in a temperature-controlled room (22 ± 1°C). Water and food were provided ad libitum (Special Diets Services, Witham, Essex, UK). Animals were acclimated to the animal housing facility for 1 week and were handled daily. Animals were treated in accordance with the European Communities Council Directive and under the control of ethics committee. Every effort was made to minimize the number of animals used and their discomfort.
Drugs, Diets, and Experimental Procedure
Morphine hydrochloride and cocaine hydrochloride were purchased from Francopia (Antony, France) and dissolved in saline solution (0.9% NaCl). Morphine was injected via a subcutaneous route at 5 mg/kg, a dose known to induce a place preference behavior in rats (Marie-Claire et al., 2007) . Cocaine was injected intraperitoneally at 20 mg/kg, a dose previously used in our laboratory (Puig et al., 2012) . A saline group was treated in the same conditions as the cocaine and morphine groups and served as control. Cocaine, morphine, and saline were all injected at a volume of 1 mL/kg of body weight. The natural reward, a commercial butter biscuit (Lu, France) used as a palatable food, contained 7.3% protein, 75% carbohydrates, and 12% fat for a caloric value of 440 kcal/100 g. It was pre-weighed and 4 g were daily placed in the rat's home cage. The control group received 4 g of pre-weighed standard laboratory chow (Special Diets Services, Witham, Essex, UK) in the same experimental conditions. All treatments (drug injections and butter biscuit) were given once daily during 14 days, and blood collections were performed on WD1 or WD14 (Figure 1 ). During treatments, each rat received drug injections or the natural reward at a rigorous time point between 9:30 and 11:30 am that never differed during the 14 days of treatment. On WD1 and WD14, each treatment group was divided into 2 groups for blood collection: one was used for the baseline sample collection at a time that differed from drug and 14th day after the end of the treatments, rats were sacrificed either at the usual hour of treatment or at another time, and plasma brain-derived neurotrophic factor (BDNF) levels were measured. D1, day 1; D14, day 14; WD1, withdrawal day 1; WD14, withdrawal day 14. or natural reward administration (i.e., between 2:30 and 5:30 pm) and the other one for sample collection at the hour of injection (i.e., between 9:30 and 11:30 am).
Blood Collection and Determination of BDNF Concentrations
On WD1 and WD14, rats were decapitated after lethal injection of pentobarbital, and trunk blood was collected into ethylenediaminetetraacetic acid-coated tubes (Greiner Bio One, Les Ulis, France). Blood was centrifuged at 2000 g for 10 minutes at 4°C, and plasma was collected and immediately frozen at −80°C until further analysis. In our study, plasma was chosen, as we wanted to observe only freely circulating BDNF levels to see the rapid alterations of BDNF in blood at the usual hour of injection without any quantification of BDNF stored in platelets (Lommatzsch et al., 2005) .
Endogenous, mature BDNF was measured in undiluted plasma using an ELISA kit according to the manufacturer's instructions (Emax ImmunoAssay System kit, Promega, France, Charbonnières les bains). Briefly, standard 96-wells microplates (Nunc, Danemark) were coated overnight at 4°C with anti-BDNF monoclonal antibody diluted in carbonate coating buffer. On the following day, nonspecific sites were blocked with Block and Sample buffer. Then, 100 µL of plasma was added to each well before incubation with a specific polyclonal antibody. Then, anti-immunoglobulin Y antibody conjugated to horseradish peroxidase was added. Finally, a chromogenic substrate was added before stopping the reaction by adding 1 N hydrochloric acid, and the absorbencies were read at A 450nm (Perkin Elmer, Victor TMX4 Multilabel plate reader).
According to the manufacturer's protocol, the BDNF ELISA kit has <3% cross-reactivity with other related neurotrophic factors like NGF, NT-3, or NT-4 and the sensitivity is 15.6 pg/mL.
Statistical Analysis
In figures 2 and 4, mean values are expressed as percent change in BDNF levels at the hour of injection normalized to basal BDNF levels measured in animals that received the same treatment and were sacrificed out of the usual hour of injection. In Figure 3 , mean values are expressed as percent change in basal BDNF levels normalized to BDNF levels from control rats (salinetreated rats or rats only fed with standard chow) sacrificed out of the usual hour of injection or the usual presentation of the natural reward.
Significance was tested by unpaired Student's t-test. Statistical tests were conducted with Graphpad Prism 5 software. Significance was set at P < .05.
Results
BDNF Levels in Control Animals
We first analyzed the plasma BDNF level of saline-treated rats to ensure that 14 days of saline injections do not alter the BDNF level at the usual hour of injection compared with the basal level. We showed that there was no modification of the BDNF levels between the 2 time points (t (13) = 0.38, P = .71) (Figure 2 ).
Basal Plasma BDNF Levels After Different Treatments on WD1 and WD14
On WD1, a 2-tailed t-test revealed a decrease of basal plasma BDNF level in cocaine-treated (t (16) = 2.19, P < .05) (Figure 3a ), but not in morphine-treated (t (14) = 0.75, P = .47) (Figure 3b ) rats, in comparison with the saline control group. Rats that were presented daily with the natural reward had a significantly higher basal BDNF level in plasma compared with rats receiving the same amount of standard chow (t (14) = 4.58, P < .001) (Figure 3c ).
To investigate whether the effects observed were long lasting, plasma BDNF levels were quantified 14 days after the end of treatments. As shown in Figure 3 , rats withdrawn from cocaine showed a decrease in basal plasma BDNF levels on WD14 compared with the control group (t (17) = 8.50, P < .001) (Figure 3d ). On the other hand, a significant increase in peripheral BDNF level was observed in morphine-treated animals (t (12) = 4.31, P = .001) (Figure 3e ). No statistical difference between rats receiving the natural reward compared with those receiving the standard chow was observed (t (13) = 1.07, P = .31) (Figure 3f ).
Plasma BDNF Levels at the Usual Time of Treatment on WD1 and WD14
On WD1, we observed an increase in the plasma BDNF levels at the usual hour of cocaine injection compared with the basal BDNF levels (t (17) = 2.16, P < .05) (Figure 4a ). Similar results were observed following morphine treatment (t (15) = 2.28, P < .05) (Figure 4b ). No modification of BDNF levels at the usual hour of natural reward presentation was seen compared with basal BDNF level (t (16) = 1.75, P = .09) (Figure 4c ). On WD14, the plasma BDNF level was higher at the usual hour of injection for both cocaine (t (18) = 5.46, P < .0001) (Figure 4d ) and morphine-treated rats (t (15) = 2.175, P < .05) (Figure 4e ) compared with the basal BDNF levels. No significant difference in BDNF levels was seen at the usual hour of natural reward presentation compared with the basal levels (t (14) = 1.09; P = .29) (Figure 4f ).
Discussion
The aim of this study was to compare the effect of different substances, either drugs of abuse or natural reward, on peripheral BDNF levels 1 and 14 days after the end of treatments. Our results provide evidence that both cocaine and morphine withdrawal produce long-lasting alterations of plasma BDNF levels. We also observed variations of BDNF levels at the usual hour of injection compared with the basal levels measured at this an hour that did not match with the usual hour of injection. This Each rat received 14 days of saline injection and was sacrificed either at the usual hour of injection or at another time of saline injection on WD1 (basal level). Data (mean ± SEM) are expressed as percent of BDNF level normalized to basal levels (n = 6-10) and were compared by a 2-tailed Student t-test.
shows that only drugs of abuse are able to induce specific alterations of peripheral BDNF levels at the usual hour of injection.
The natural reward chosen was a butter biscuit. According to the experimental procedure described by Newman and colleagues (2013), we investigated the palatability of the biscuit. In our experimental design, natural reward preference over standard chow was effective on the 4th day of food presentation after 1 to 2 days of novelty avoidance (data not shown). Interestingly, the repeated presentation of the natural reward induced a significant increase in plasma BDNF levels just after the end of the treatment (on WD1), but this alteration did not persist. A high plasma BDNF level was expected after the repeated natural reward presentation, because BDNF is known to regulate hedonic feeding in mice (Cordeira et al., 2010) . Moreover, it has been suggested that BDNF is an important metabolic regulator able to act in the periphery to normalize blood glucose in Figure 3 . Basal brain-derived neurotrophic factor (BDNF) level in plasma after treatments on withdrawal day 1 (WD1) and withdrawal day 14 (WD14). Basal plasma BDNF levels were analyzed in animals that were treated with either cocaine (a, d) or morphine (b, e) or were given the natural reward (c, f) for 14 days. Plasma was collected 1 (a-c) or 14 (d-f) days after the end of treatments at hours that do not match with the usual hour of injection or food presentation (ie, in the afternoon).
Data (mean ± SEM) are expressed as percent of BDNF levels normalized to the appropriate control (the group that received either saline injections or standard chow) (n = 6-10). Means were compared by a 2-tailed Student t test. *P < .05, **P < .01; ***P < .001 vs control group. Brain-derived neurotrophic factor (BDNF) level in plasma at the usual hour of injection or natural reward presentation on withdrawal day 1 (WD1) and withdrawal day 14 (WD14). Plasma BDNF levels were analyzed in animals that were treated with either cocaine (a, d) or morphine (b, e) or were given the natural reward (c, f) for 14 days. Plasma collection was realized 1 (a-c) or 14 (d-f) days after the end of the treatments either at the usual hour of injection (or food presentation) or at another time in the afternoon. Data (mean ± SEM) are expressed as percent of BDNF levels normalized to basal levels (rats receiving the corresponding treatment but sacrificed at another time than the usual drug injection or natural reward presentation; n = 6-10). Means were compared by a 2-tailed Student t-test. *P < .05, ***P < .001 vs basal levels.
hyperglycemic rodents, although the intermediary mechanism remains to be elucidated (for review, see Noble et al., 2011) . In accordance to this hypothesis, the body weight of the animals receiving the natural reward did not differ from those receiving the standard chow in our experiment. Thus, the higher BDNF level observed during the early withdrawal could reflect a metabolic response to counterbalance a body weight gain.
It is well known that repeated exposure to cocaine or morphine leads to addictive behaviors that can arise from multiple peripheral and central adaptations, which may differ depending on the drug used (for review, see Badiani et al., 2011) . In accordance with these findings, we observed opposite alterations of plasma BDNF levels after morphine or cocaine treatments.
On the 1st and 14th day of withdrawal from cocaine, lower plasma BDNF levels were observed compared with salinetreated rats. This result is in line with a recent clinical study reporting a low serum BDNF level in 2-week-abstinent cocaine patients with psychotic symptoms (Corominas-Roso et al., 2013) . In our experiments, we investigated only plasma BDNF levels. Concentrations of BDNF in blood have been shown to be correlated to specific brain tissue BDNF levels (Klein et al, 2010) . With cocaine, most preclinical studies in rodents reported a time-dependent increase in BDNF levels in brain after selfadministration experiments (Grimm et al., 2003; Li et al., 2013) . This is in contrast to the decrease in plasma that we observed after our cocaine treatment. These discrepancies could be due to the experimental protocol (e.g., self-administration procedures vs passive injections), as several studies have demonstrated different proteomic and genomic responses following self-administration compared with forced injections (Jacobs et al., 2002; Fumagalli et al., 2013) . Another possibility is that the correlation between central and peripheral BDNF levels, proposed by Klein and colleagues (2011) , is region-specific and depends on the structure studied. Moreover, it is well known that BDNF regulations may be dependent on the withdrawal time (Fumagalli et al., 2013) . In our experimental study, we determined the BDNF level in early withdrawal (i.e., on WD1 and WD14), whereas the BDNF increase in the brain was reported between WD25 and WD90 after cocaine self-administration sessions (Grimm et al., 2003; Li et al., 2013) , with no modification on WD1. Thus, the decrease observed in our study and the increase reported in the literature may demonstrate that exposure to cocaine dynamically deregulates BDNF levels. The decrease of plasma BDNF level observed in the early phase of withdrawal could also be a consequence of the anorexigenic properties of cocaine. Whereas a high BDNF level could reflect a high metabolic response following food intake, a low peripheral BDNF level may reflect a low basal energetic metabolism. Consistent with this hypothesis, a recent study found lower peripheral circulating leptin (Ersche et al., 2013) , an adipose-derived tissue hormone, in cocaine patients, whereas high leptin levels have recently been linked with high serum BDNF levels in obese children (Ersche et al., 2013; Roth et al., 2013) .
Contrary to cocaine, no alteration of plasma BDNF level was found on the 1st day of morphine withdrawal, whereas an increase of this neurotrophin was detected on WD14. This time-dependent increase of the basal plasma BDNF level could be associated with an incubation-like phenomenon. In line with dynamic alterations of BDNF protein level, Krasnova and colleagues (2013) recently found increased BDNF protein levels and BDNF receptor TrkB in dorsal striatum following 2 and 24 hours of methamphetamine self-administration, whereas decreases were reported after 1 month of abstinence. Moreover, if peripheral BDNF concentration reflects brain BDNF tissue (Klein et al., 2011) , this is in agreement with previous work demonstrating a higher level of BDNF gene expression in the medial cortex of rats after 14, but not 1, day of forced abstinence following 2 weeks of heroin self-administration (Kuntz-Melcavage et al., 2009 ). However, this correlation is controversial, as some studies report some discrepancies between peripheral and central BDNF levels (Sartorius et al., 2009; Béjot et al., 2011) . Furthermore, recent studies reported high serum levels of BDNF in opiate-dependent patients (Heberlein et al., 2011; Zhang et al., 2014) , one of them reporting an association between this high BDNF level and craving for heroin (Heberlein et al., 2011) .
The most interesting results were obtained when comparing the basal BDNF levels with the BDNF levels at the usual hour of injection. We observed an increase of BDNF levels at the hour of injection compared with another hour of the day. This was observed only with drugs of abuse and was longlasting. In a preliminary study, we first determined that 14 days of saline injection did not induce such modifications between plasma BDNF levels at the usual hour of injection and a basal level. This confirmed that even if levels of BDNF were to fluctuate with the circadian rhythm (Bertani et al., 2010) , it would not interfere with our experimental protocol and results. The usual time of injection may constitute an anticipatory conditioned stimulus, subjected to the general laws of learning and Pavlovian conditioning. Our experimental protocol is associated with a specific temporal context (e.g., the hour of injection) and a specific administration ritual (e.g., drug injection or butter biscuit feeding). Thus, this temporal contextual cue could serve as a conditioned stimulus, which reliably predicts the onset of the substance. Interestingly, the alterations observed seem to be specific to drugs of abuse and suggest that BDNF could be studied as a possible biomarker specific to drugs of abuse, even though further analyses are warranted.
The effect of the opioid system on hedonic control of food intake is well established (Lutter and Nestler, 2009 ). Endogenous opioid peptides influence palatability through mu and delta opioid receptors (Kaneko et al., 2014; Katsuura and Taha, 2014) . However, BDNF levels were not different between basal levels and levels at the time of natural reward presentation. Further, Jutkiewicz and collaborators (Jutkiewicz et al., 2006; Jutkiewicz and Roques, 2012) demonstrated that endogenous enkephalins are unable to regulate BDNF compared with exogenous delta ligands. Thus, if we speculate a release of endogenous enkephalins in our experimental conditions, it is unlikely that they play a role in BDNF alterations observed in this study. However, further studies would be necessary to address this question.
In summary, both drugs of abuse and natural reward alter plasma BDNF levels during withdrawal. However, only drugs of abuse induced persistent alterations on WD14 with an increase of the BDNF level after morphine treatment and a decrease after cocaine treatment. Finally, we show for the first time that only drugs of abuse are able to induce an increase in peripheral BDNF levels specifically at the usual time of injection on WD1 and WD14 compared with a basal level.
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